Objective. Matrix-assisted autologous chondrocyte implantation is frequently applied to replace damaged cartilage in order to support tissue regeneration or repair and to prevent progressive cartilage degradation and osteoarthritis. Its application, however, is limited to primary defects and contraindicated in the case of osteoarthritis that is partially ascribed to dedifferentiation and phenotype alterations of chondrocytes obtainable from patients' biopsies. The differentiation state of chondrocytes is reflected at the level of structural gene (COL2A1, ACAN, COL1A1) and transcription factor (SOX9, 5, 6) expression. Methods/Design. We determined the mRNA abundances of COL2A1, ACAN, and COL1A1as well as SOX9, -5, and -6 of freshly isolated and passaged collagen I implant-derived and osteoarthritic chondrocytes via reverse transcription-polymerase chain reaction. Moreover, we analyzed the correlation of structural and transcription factor gene expression. Thus, we were able to evaluate the impact of the mRNA levels of transcription factors on the expression of cartilage-specific structural genes. Results. Significant differences were obtained (1) for freshly isolated osteoarthritic versus collagen I implant-derived chondrocytes, (2) due to passaging of the respective cell sources, (3) for osteoarthritic versus nonosteoarthritic chondrocytes, and (4) for COL2A1 versus ACAN expression with respect to the coherence with SOX9, -5, and -6 transcript levels. Conclusion. Our results might contribute to a better understanding of the transcriptional regulation of structural gene expression of chondrocytes with implications for their use in matrix-assisted autologous chondrocyte implantation.
Introduction
Early treatment of articular cartilage defects is the prerequisite to prevent the onset of mechanically mediated progressive cartilage degradation and inflammationdriven osteoarthritis. A promising approach is the tissue engineering-based matrix-assisted autologous chondrocyte implantation (MACI) applying biocompatible and degradable scaffolds seeded with autologous chondrocytes to primarily replace damaged tissue and to subsequently support regeneration or functionally equivalent tissue repair. A variety of scaffolds of distinct chemical composition, microstructure, and fabrication design have already been applied in orthopedic surgery. 1 Among these, collagen-based sponges and hydrogels have become prominent in the past 2 decades. [2] [3] [4] Although cartilage-specific type II collagen is supposed to be superior by preserving the chondrocyte-specific phenotype, type I collagen is predominantly utilized for practical reasons at the present time (Freyria et al. 3 and citations therein). Apart from the biomechanical aspect, the differentiation state and biosynthetic performance of chondrocytes is a crucial determinant for cartilage tissue formation. Indeed, MACI is contraindicated in case of osteoarthritis which is partially ascribed to dedifferentiation and phenotype alterations of chondrocytes accompanying and mediating disease progression. [5] [6] [7] Furthermore, a common problem is that sufficient numbers of chondrocytes are rarely obtainable due to the tissuecharacteristically low cellularity and the small size of patients' biopsies which inevitably necessitates cell expansion in vitro. However, cell culture conditions (e.g., monolayer cultivation) adapted to foster proliferation unavoidably implicate the gradual dedifferentiation and loss of chondrogenic potential of chondrocytes. [8] [9] [10] Alternatively, encapsulating chondrocytes in a 3-dimensional environment (e.g., micromass, alginate, collagen) has been proven to redifferentiate phenotype, indicating the significance of cell-cell and cell-matrix interactions in this context. 9 The transcription factor SRY (sex determining region-Y)-box, of COL2A1 (collagen type II, alpha 1) and COL1A1 (collagen type I, alpha 1) abbreviated as SOX9, SOX5, and SOX6 are master regulators of cartilage formation in the course of skeletogenesis.
11 SOX9 controls mesenchymal condensation as well as chondrogenic lineage commitment and differentiation by, for example, inducing SOX5 and SOX6 expression. 12, 13 Cooperatively, they are pivotal for the transcription of chondrocyte-specific genes like COL2A1 and aggrecan (ACAN). 12, [14] [15] [16] Moreover, SOX9 prevents hypertrophic differentiation, endochondral ossification, and vascularization and is thereby crucial for the maintenance of noncalcified articular cartilage as functional unit of diarthrodial joints. 17, 18 However, SOX9 transcription seems to be necessary but not sufficient for COL2A1 and ACAN expression reflected by the inverse correlation in adult/normal in contrast to osteoarthritic and fetal tissue-derived chondrocytes indicating its differential role in developing, adult/normal, and diseased tissues. 19 Indeed, the activity of SOX9 is regulated by, for example, phosphorylation, sumoylation, and nuclear translocation on biochemical or mechanical stimuli (reviewed in Chajra et al. 4 and Kanazawa et al. 20 ). However, the impact of SOX9 in conjunction with SOX5 and SOX6 transcription on articular cartilagespecific gene expression by collagen I matrix-embedded chondrocytes assigned for and osteoarthritic cartilagederived chondrocytes excluded from MACI has not been covered yet. Therefore, we determined SOX9, SOX5, and SOX6 as well as COL2A1 and ACAN transcript levels of nonosteoarthritic collagen implant-derived and osteoarthritic chondrocytes (CIC and OAC, respectively) after enzymatic isolation and during cultivation and passaging. Furthermore, we correlated transcription factor and structural gene expression in order to correlate transcription factor and COL2A1 and ACAN mRNA abundances.
Materials and Methods

Tissue Harvest and Cell Culture
Human osteoarthritic articular cartilage was obtained from patients (n = 4; age 61-80 years) undergoing total knee arthroplasty. Collagen I matrices seeded with nonosteoarthritic chondrocytes assigned for MACI (n = 3; CaRes implants; age 21, 31, 59 years) were provided by Arthro Kinetics (Krems, Austria). Fabrication in brief: Chondrocytes are isolated enzymatically from patients' biopsies, seeded into a collagen I matrix (rat tail) without prior expansion in 2 dimensions, cultivated in medium with autologous serum for 10 to 14 days, and delivered subsequently to the clinician as ready-to-use implants. A second implant destined for reserve is routinely fabricated for each patient. Unutilized implants were used for investigations. The acquisition of tissues and implants occurred with patients' informed consent and was approved by the Regional Committee for Ethics in Medical Research.
For chondrocyte isolation, articular cartilage was minced into 2 mm 3 pieces prior to enzymatic digestion with Liberase Blendzyme 3 (0.2 WU/mL, Roche Diagnostics GmbH, Mannheim, Germany) in medium (GIBCO DMEM/F12 GlutaMAX-I, Invitrogen, LifeTech Austria, Vienna, Austria) with antibiotics (penicillin 200 U/mL; streptomycin 0.2 mg/ mL, and amphotericin B 2.5 µg/mL (Sigma-Aldrich Chemie GmbH, Steinheim, Germany)) under permanent agitation for 18 to 22 hours at 37°C. Implants were minced and digested with collagenase II (100 U/mL, GIBCO, Invitrogen, LifeTech Austria, Vienna, Austria) for 3 hours at 37°C. Subsequently, cell suspensions were passed through a 40 µm filter (BD, Franklin Lakes, NJ) to remove debris, washed with phosphate-buffered saline (PBS), centrifuged (10 minutes, 500 × g, room temperature) and resuspended in PBS. Cell number and viability was determined via trypan blue staining (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) using a hemocytometer and 2 × 10 5 cells were subjected to RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR) giving rise to the samples of freshly isolated osteoarthritic chondrocytes (OAC-FI) and collagen implant-derived chondrocytes (CIC-FI).
The remaining cells were seeded into 75 cm 2 culture flasks (Nunc, Rochester, NY) at a density of 10 4 cells/cm 2 and further cultivated in medium supplemented with antibiotics (see above), 10% fetal calf serum (PAA Laboratories GmbH, Linz, Austria), and l-ascorbic acid (50 µg/mL; Sigma-Aldrich Chemie GmbH, Steinheim, Germany) at 37°C in a humid environment with 5% CO 
Total RNA Isolation, Reverse Transcription, and Real-Time Polymerase Chain Reaction
All kits used were from Roche (Roche Diagnostics GmbH, Mannheim, Germany). Total RNA isolation was performed by use of the High Pure RNA Isolation Kit from 2x10 5 cells according to the manufacturer's instructions including DNAse I-digestion. RNA was stored at −80°C until it was used for reverse transcription.
Complementary DNA was synthesized using the First Strand cDNA Synthesis Kit for RT-PCR (AMV) and Random Primer p(dN) 6 according to the manufacturer's instructions. Transcript levels of COL1A1, COL2A1, ACAN, SOX9, SOX6, SOX5 as well as GAPDH as reference gene for normalization of expression levels were determined.
Real-time PCR was performed with FastStartTaqMan Probe Master and with gene-specific primers (Eurofins MWG Synthesis GmbH, Ebersberg, Germany) in triplicate on the iCycler iQ (Bio-Rad Laboratories, Hercules, CA). Probes and primers (Table 1) were selected by use of Universally Probe Library System and by applying in silico PCR (Roche). The primer-dependent optimal annealing temperature was determined experimentally. Real-time PCR was carried out as follows: Initial denaturation step at 95°C for 10 minutes, further denaturation at 95°C for 30 seconds, an annealing step at 55°C to 62°C optimized for the respective primers for 30 seconds, a polymerization step at 72°C for 15 seconds.
The data resulting from the fluorescence measurement were relatively quantified without efficiency correction according to R = 2 -∆Ct [MEAN target-MEAN reference] method. 21 
Statistics
Statistics was done via SPSS (IBM SPSS, Armonk, NY, USA). Data were normally distributed (KomolgorovSmirnov test) and statistically analyzed using the t test for independent variables. Correlation data are represented as Pearson coefficients. Statistically significant differences are indicated by asterisks (**P < 0.01; *P < 0.05). Pearson coefficients of >0.8 were considered as strong, 0.5 to 0.8 as moderate correlation.
Results
Transcription Factor and Structural Gene Expression of Freshly Isolated and Passaged CIDerived and OA Chondrocytes
Results are depicted in Figure 1 . Freshly isolated collagen implant-derived chondrocytes (CIC-FI) expressed pronouncedly less COL2A1 (1.283-fold), moderately less ACAN (10-fold) and moderately more COL1A1 (14-fold) than osteoarthritic chondrocytes (OAC-FI) resulting in COL2A1/COL1A1 ratios of 7.4 × 10 −4 and 1.3 × 10 1 in CIC-FI and OAC-FI, respectively. Concomitantly, SOX9, SOX5, and SOX6 transcript levels were decreased 2.6-fold, 14-fold, and 94-fold, respectively, in CIC-FI compared with OAC-FI.
After the first cultivation period (P0) of collagen implantderived chondrocytes (CIC-P0), COL2A1 and SOX9 as well as SOX5 transcript levels were obviously recoupled indicated by a pronouncedly increased COL2A1 mRNA level (93-fold) even though those of SOX9 and SOX5 were slightly and to a similar extent reduced compared to CIC-FI (2.5-fold and 2.3-fold, respectively). Notably, SOX6 was increased 4-fold in CIC-P0 compared with CIC-FI indicating that the pronouncedly restricted COL2A1 transcription observed in collagen-embedded chondrocytes might be at least partially a consequence of the low SOX6 mRNA abundance. In contrast, osteoarthritic chondrocytes passaged once (OAC-P0) showed a substantially decreased COL2A1 transcript level (15-fold) concomitant with 5-fold lower SOX9 as well as SOX5 transcript levels compared with OAC-FI. By that, collagen implant-derived (CIC) and osteoarthritic chondrocytes (OAC) exhibited almost equal expression levels of COL2A1 and SOX9 after the first cultivation period. However, SOX5 and SOX6 levels remained significantly lower in CIC.
Intriguingly, ACAN transcript levels of CIC proved to be stable almost irrespective of alterations of transcription factor abundances occurring during cultivation and passaging indicating the involvement of other transcription factors or nontranscriptional regulatory mechanisms. In general, transcription factor mRNA levels remained stable (SOX6) or were slightly but progressively reduced (SOX9 and SOX5) during passaging of OAC as well as CIC. Interestingly, passaged collagen implant-derived chondrocytes (CIC-P) consistently retained a lower SOX6 level than osteoarthritic chondrocytes (OAC-P) throughout cultivation and passag- ing (P0-P2) manifesting a stably established and fundamental difference of those cell sources.
Detailed Correlation Analysis of CI-Derived versus OA and Freshly Isolated versus Passaged Chondrocytes
In order to extend the global view, we determined the correlation of structural gene and transcription factor expression within the subgroups CIC-FI, CIC-P, OAC-FI, and OAC-P to factor in intrasubgroup variability or coherence ( Table 2 ). COL2A1 and ACAN expression positively correlated in CIC but not in OAC. SOX9 expression correlated with COL2A1 and ACAN in CIC-FI, which was maintained or even enforced during passaging (CIC-P). Notably, there was no correlation of SOX9 and COL2A1 as well as a negative correlation with ACAN in OAC-FI which was established or lost, respectively, during passaging suggesting a differential contribution of SOX9 to structural gene expression of the different cell sources. SOX9 expression negatively correlated with SOX5 and SOX6 in CIC-FI but positively in OAC-FI.
Discussion
Several restraints of MACI application arise from cell quality issues like dedifferentiation of osteoarthritic chondrocytes or due to expansion in monolayer which is frequently inevitable to obtain sufficient cell numbers. Therefore, efforts have been made to characterize gene expression of articular chondrocytes and dedifferentiated or osteoarthritic chondrocytes to evaluate their chondrogenic potential. 9, 10, 22 Notably, a better understanding of regulatory mechanisms underlying structural gene expression of already utilized or potential cell sources for MACI would help improve the quality of cells or extend their applicability (e.g., in osteoarthritis). Although the view of the regulatory network has become more and more sophisticated in recent years, 8, [23] [24] [25] the transcription factors SOX9, -5, and -6 occupy center stage in cartilage development, chondrocyte differentiation, and maintenance. [11] [12] [13] However, their impact on structural gene expression seems to depend on the cell source. Aigner et al. 19 reported that SOX9 and type II collagen expression did not correlate in normal articular cartilage and that decreased SOX9 transcription occurred concomitantly with significantly increased collagen II expression in osteoarthritic chondrocytes indicating the involvement of, for example, posttranscriptional regulatory mechanisms 26, 27 of COL2A1 expression.
In this study, we investigated the impact of mRNA abundances of SOX9, -5, and -6 on chondrocyte-specific COL2A1 and ACAN expression of freshly isolated and passaged nonosteoarthritic collagen I implant-derived (CIC-FI and CIC-P) and osteoarthritic chondrocytes (OAC-FI and OAC-P) via RT-PCR. We supposed that COL2A1 and ACAN expression of the different cell sources under investigation might differentially rely on transcription factor mRNA abundances and hence might be differentially regulated.
Overall, our results concerning COL2A1 and ACAN expression by freshly isolated osteoarthritic chondrocytes and their alterations with passaging were in accordance with published data. COL2A1 and COL1A1 were concomitantly expressed by freshly isolated osteoarthritic chondrocytes. Whereas COL1A1 transcript abundance reached a steady-state level in passage 2, COL2A1 decreased almost progressively with the number of passages. Indeed, high expression of type I and type II collagen has been reported to be associated with osteoarthritic cartilage 5, 28, 29 and the shift of collagen type expression is a well-known attribute of cultivation-induced dedifferentiation of chondrocytes. 10 Intriguingly, ACAN and COL2A1 mRNA levels were decreased pronouncedly during the first passage. However, no tendency for further progressive down-regulation but rather a fluctuating expression of ACAN was observed. Several authors reported that ACAN expression was downregulated during dedifferentiation although to a CIC = collagen implant-derived chondrocytes; OAC = osteoarthritic chondrocytes; ACAN = aggrecan; FI = freshly isolated; P, passaged. a Strong correlation is depicted in bold and moderate correlation in italic. Significant correlation is marked by asterisks (**P < 0.01; *P < 0.05).
substantially lesser extent than that of COL2A1 and some other cartilage-specific genes. 10, [30] [31] [32] Notably, the studies were performed with cells from healthy cartilage indicating that our results might reflect a characteristic of osteoarthritic chondrocytes. In contrast, nonosteoarthritic collagen I implant-derived chondrocytes showed a robust ACAN expression.
Significant differences of COL2A1, ACAN, and COL1A1 transcript abundances were observed between freshly isolated osteoarthritic and collagen I implantderived chondrocytes. The latter showed pronouncedly lower COL2A1, moderately decreased ACAN as well as moderately higher COL1A1 mRNA levels, which cooccurred with slightly moderately, and substantially decreased levels of SOX9, SOX5, and SOX6, respectively, compared with freshly isolated osteoarthritic chondrocytes. Taken together, this phenotype might be assigned to the specific microenvironment of chondrocytes embedded within collagen I. In general, transcription factor mRNA abundances differed significantly irrespective of the cell source (SOX9 > SOX5 » SOX6), which is an interesting detail assuming the impact of stoichiometry at the protein level for binding to cartilage-specific enhancers, the supposed redundancy of SOX5 and -6, and studies using transfection of SOX9, -5, and -6 to investigate their role in chondrogenesis. 33, 34 Remarkably, COL2A1 mRNA abundance of collagen I implant-derived chondrocytes was found to be tremendously increased at the end of the first cultivation period which co-occurred with a slight decrease of SOX9 and 5 but a moderate increase of SOX6 transcript abundances compared with cells freshly isolated from implants. Moreover, SOX6 levels remained constantly beyond that of osteoarthritic chondrocytes throughout cultivation. Taking into consideration, that cell source-associated differences of gene expression of, for example, COL2A1 and COL1A1 are rapidly equilibrated after cell isolation from the respective matrices (cartilage, collagen I matrix) and that cultivation-induced dedifferentiation proceeds similarly afterward, we assume that the observed difference of SOX6 levels indeed specifically distinguish nonosteoarthritic from osteoarthritic chondrocytes. SOX9 has been described as pivotal for SOX5 and SOX6 expression. 12, 13 However, detailed analysis of transcription factor mRNA abundances revealed that SOX9 expression of freshly isolated implant-derived chondrocytes correlated negatively with SOX5 and SOX6 expression in contrast to osteoarthritic chondrocytes indicating differential regulation. Although, our current study is only limited to the assessment of SOX trio (SOX5, 6, 9) gene expression level. A direct correlation of gene expression to the intracellular protein levels of type II collagen and aggrecan would further validate our findings toward the transcriptional regulation of structural gene expression in chondrocytes. In our current study, the enzymatic digestion for obtaining chondrocytes from collagen I implant-derived chondrocytes is performed for 3 hours with collagenase II. Whereas, freshly isolated chondrocytes from osteoarthritic cartilage are digested with Liberase Blendzyme for up to 22 hours as performed in a study led by Jakob et al. 35 In this study, enzymatic digestion for 22 hours with collagenase resulted in a 5-fold increase of cell yield than digestion for up to 6 hours. But it has to be taken into account that digestion for 6 hours had less impact on the change in gene expression compared with the native cartilage than digestion for up to 22 hours as reported in another study. 36 However, a recent study demonstrated the optimal incubation period for an efficient cell yield, viability and no significant differences in changes to gene expression was dependent on the collagenase concentration of 0.2% (w/v) for a time period of 10 hours. 37 Similarly, it has to be taken into account that, in our current study, we compared freshly isolated OA chondrocytes from elderly patients with healthy chondrocytes from younger patients. However, a study reporting the differences in age of chondrocyte donors has identified that the glycosaminoglycan, proliferation rate and the collagen type II was not correlated with age and only with a slight decrease but not significantly. 38 Although, our study design could have included a control condition with OA chondrocytes being embedded on collagen gels for a direct comparison with chondrocytes from younger patients in collagen gels. Our study results, however, demonstrate the possibility of utilizing chondrocytes from elderly patients as a reparative cell source for implications in MACI constructs based on the higher expression of chondrogenic redifferentiation markers in OA chondrocytes.
In summary, we report pronounced differences (1) concerning freshly isolated osteoarthritic versus collagen I implant-derived chondrocytes, (2) due to passaging of the respective cell sources, (3) concerning osteoarthritic versus nonosteoarthritic chondrocytes, and (4) concerning COL2A1 versus ACAN expression with respect to the coherence with SOX9, -5, and -6 transcript levels. Our results might contribute to a better understanding of the transcriptional regulation of structural gene expression of chondrocytes with interesting implications for their use in MACI.
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